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Abstract: The upconversion photoluminescent quantum yield (PLQY) of 
erbium-doped hexagonal sodium yttrium fluoride (β-NaYF4: 10% Er3+) was 
measured under broadband excitation with full width half maxima ranging 
from 12 to 80 nm. A novel method was developed to increase the 
bandwidth of excitation, while remaining independent of power via 
normalization to the air mass 1.5 direct solar spectrum. The measurements 
reveal that by broadening the excitation spectrum a higher PLQY can be 
achieved at lower solar concentrations. The highest PLQY of 16.2 ± 0.5% 
was achieved at 2270 ± 100 mW mm−2 and is the highest ever measured. 
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1. Introduction 
Upconversion (UC) is a process whereby two or more low energy photons are converted into 
one high energy photon. This form of spectral conversion has generated significant interest in 
different fields, from 3D displays [1] to biological imaging [2]. Moreover, in the area of 
photovoltaics (PV) [3–5], it has been considered as a solution to reducing the intrinsic loss 
associated with the transmission of sub-bandgap photons, a major contribution to the 
Shockley-Queisser limit for a single junction solar cell [6]. An UC layer placed behind a PV 
device (UC-PV) can absorb the transmitted photons and convert them to wavelengths above 
the band edge of the semiconductor, thus generating useful charge carriers. 
For the case of silicon (Si), which is the most widely used semiconductor for solar cells, 
the UC material of choice to date has been trivalent erbium (Er3+) doped hexagonal sodium 
yttrium fluoride (β-NaYF4) [7–9]. In this system, the embedded Er3+ ions absorb light in the 
1460 – 1580 nm range (4I15/2→4I13/2, energy level transition) and emit at 980 nm (4I11/2→4I15/2) 
with high efficiency due to the low phonon energy of the fluoride host, which greatly limits 
non-radiative recombination. UC can be achieved via several mechanisms including 
sequential ground state absorption (GSA) and excited state absorption (ESA). However, the 
most efficient and dominant mechanism for Er3+ doped β-NaYF4 is energy transfer 
upconversion (ETU). GSA/ESA occur when a single Er3+ ion is excited to an intermediate 
excited state from the ground level (Fig. 1, GSA, 4I15/2→4I13/2) and a second photon is 
absorbed within the lifetime (typically within the order of a millisecond for Er3+) of that level 
(ESA, 4I13/2→4I9/2). Multi-phonon relaxation from the upper excited state (4I9/2→4I11/2) leads 
to emission of an UC photon (dot/dash arrows). ETU requires two ions to be excited into the 
intermediate energy state, usually through GSA (black solid arrows, GSA). When one ion 
relaxes into the ground state (dotted black arrow ETU on the left), rather than the emission 
of a photon, the energy is transferred to the neighboring ion raising it into a higher excited 
state (steps ,  and ETU on the right, dotted arrows). This process is dependent on the 
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concentration of ions and at high powers can lead to saturation effects through energy 
migration and cross relaxation (see Auzel [10] for a detailed review). 
 
Fig. 1. Energy level diagram for two Er3+ ions in close proximity, which shows the various 
transitions possible to achieve UC emission. The peak wavelengths associated with UC 
mechanisms GSA/ESA (solid arrows), ETU (dotted arrows) and UC emission (dot/dash 
arrows) are shown. 
Er3+ has an energy ladder with almost equidistant spacing, therefore infrared (IR) 
excitation at around 1523 nm can be used to achieve near infrared (NIR), visible and even 
ultraviolet (UV) emission through these UC mechanisms. Due to a strong resonance of 980 
nm emission from 1523 nm monochromatic excitation, this has led to highest UC efficiencies 
being reported in the literature. Both Shalav et al. [7] and Fischer et al. [9] have reported the 
highest external quantum efficiencies (EQE) under 1523 nm monochromatic excitation for an 
UC-PV device using Er3+ doped β-NaYF4. However, because of energy level broadening of 
each interacting level, UC is possible with bandwidths of around 100 nm. Although 
absorption at these wavelengths is lower and resonance weaker (under monochromatic 
excitation), they can still generate UC photons that can be effectively utilized by the 
overlying PV device. This opens up the opportunity to realize UC emission via broadband 
excitation centred around 1523 nm, as well as the possibility of contributions from both 1700 
nm and 2700 nm excitation to populate the 4I9/2 and 4I11/2 levels, respectively, from the 4I13/2 
level (labelled solid arrows in Fig. 1). Therefore, an important research question for UC for 
PV applications is what enhancement of the UC process can be achieved under broadband 
excitation, rather than traditional monochromatic illumination. 
UC in Er3+ has been shown to be most efficient at 1523 nm excitation [4, 7–9]. As the 
process is non-linear with respect to power, the majority of research has predominantly used 
high power monochromatic sources such as lasers to determine the photoluminescent 
quantum yield (PLQY) [11] of the upconverter or electrically determined EQE [3, 7] of an 
UC-PV device. The EQE is the ratio of photons incident at a given wavelength to electron-
hole pairs collected across the junction. The PLQY is an optical measure of the UC material 
alone and is defined as, 
 No.of Photons EmittedPLQY =
No.of Photons Absorbed
     
   
 (1) 
where the integral of the photons emitted at shorter wavelengths is divided by the total 
number of excitation photons absorbed in relation to a non-luminescent reference. The 
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measurement of PLQY allows one to determine the upper limit of how effective a material is 
as a spectral converter in conjunction with a PV device. As the emission of UC photons has a 
quadratic dependence with excitation intensity (I0), the PLQY follows a linear relation (see 
Eq. (2)). 
 
2
0
0 0
0
No. of Photons Emitted I
No. of Photons EmittedPLQY I log (PLQY) 1 log (I )
I
∝
∝ ∝  ∝ ×
        
        
 (2) 
However, there are many possible loss mechanisms when implemented within a real device; 
reflection at the interface of the cell, absorption within the host material and scattering, which 
applies to excitation and emission photons. The UC photons that reach the cell generate an 
electrical current dependant on the EQE of the device at that wavelength. The increase in the 
current of the device is proportional to the incident photon flux from the upconverter; 
therefore it is also proportional to the PLQY. Moreover, as the current is linear with PLQY, 
large solar concentrations are desirable to achieve better performance. Hence, in practice, 
UC-PV will likely be part of a concentrating photovoltaic (CPV) system. It is therefore 
essential to investigate methods that can achieve high PLQY at relatively low solar 
concentrations. 
Recently, the focus has moved towards using broadband excitation to understand the 
efficiency of UC materials and devices under conditions closer to their application in solar 
energy. The first to suggest broadband excitation of UC was Baluschev et al. [12], with a 
refined method being presented later [13]. However, these authors presented no 
measurements of PLQY for ultra-broad (40 nm bandwidth) excitation. Their experiments 
were performed on organic UC materials, which absorb and emit at 700 nm and 500 nm, 
respectively; a region where Si PV devices already perform very well. Therefore, these 
materials would not be used for the same application as Er3+ upconverters. More recent work 
on the EQE of an UC-PV device showed a considerable increase in EQE from 0.71% (at 
1523 nm) to 1.07% using a xenon lamp for broadband excitation [14]. However, a detailed 
description of the illumination spectra was omitted and no extrapolation of PLQY was 
performed. Therefore, there exists a lack of basic understanding of UC through analysis of 
PLQY under a controlled broadband excitation spectrum in order to more fully evaluate the 
potential of UC for Si PV devices under concentrated sunlight. 
2. Materials and method 
In the present study, the PLQY of β-NaYF4: 10% Er3+ in a fluorinated polymer was measured 
under broadband excitation with full width half maxima (FWHM) ranging from 12 to 80 nm. 
The phosphor powder β-NaYF4: 10% Er3+ was prepared as described by Krämer et al. [15]. 
The powder was then embedded into a fluorinated polymer, perfluorocyclobutyl (PFCB, 
Tetramer Inc., USA), with a 55.6 w/w% and cured at 160°C for 18 hrs. The final sample was 
polished to a flat surface with dimensions of 1 mm in thickness and a diameter of 10 mm. 
The benefit of using PFCB is that fluorine replaces the C-H bonds that absorb the excitation 
light [16] and therefore an increased performance within an UC-PV device can be achieved. 
This is the first time that β-NaYF4:Er3+ has been measured within PFCB. 
The PLQY of the samples were measured using a calibrated spectrofluorometer 
(Edinburgh Instruments, FLS920) equipped with an integrating sphere (Jobin-Yvon) and a 
liquid nitrogen cooled NIR photon multiplier tube (PMT; Hamamatsu, R-5587). The PLQY 
was only measured for the transition 4I11/2→4I15/2 (in the 980nm range) as this accounts for 
approximately 97% of UC emission [17]; thus, including higher photon emission in the 
calculation would increase PLQY only fractionally. The reference sample used was an 
undoped β-NaYF4 powder cast in PFCB to represent the same scattering profile and to 
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remove any absorption/emission of the inorganic lattice and polymer matrix. The calibration 
uncertainty for this system is ± 3% relative. Broadband excitation was achieved by adapting 
the spectrofluorometer for use with a 6 W supercontinuum (SC) laser and bandwidth 
selection from a high power acousto-optical tunable filter (AOTF-HP), both from Fianium 
(UK). The AOTF allows for 1 to 8 channels to simultaneously excite the sample; all with a 
given central wavelength, a FWHM of 12 nm, and an adjustable power defined by a variable 
radio frequency (RF) driver. As UC is non-linear with excitation power, the power flux was 
measured using a calibrated germanium (Ge) photodiode (Newport, 818-IR) and an IR 
imaging camera (Electrophysics MicronViewer 7290A), with beam diagnostic software to 
determine the area from the FWHM. The combined error of the calibration and the 
uncertainty associated with a digital display with respect to power flux is ± 4.4%. 
Previous work in this field has only shown analysis in relation to the air-mass 1.5 global 
(AM1.5G) spectrum [7, 8, 14], which is the standard spectrum for characterizing PV devices 
under non-concentrated sunlight. However, terrestrial concentrator cell and module 
efficiencies are measured under the air-mass direct beam (AM1.5D, ASTM G-173-03) 
spectrum at an intensity of 900 W/m2 and a cell temperature of 25°C. With respect to the 
intensity required for UC-PV, it is proposed that the AM1.5D spectrum should be the 
standard method of reporting. The broadband excitation used here requires an additional 
analysis and method of reporting, to clarify the difference between additional power under 
monochromatic excitation and increased power due to a larger bandwidth. The method used 
was to determine the FWHM of the excitation spectrum from the AOTF for bandwidths 
between 12 – 80 nm and compare this to the same bandwidth of the AM1.5D with the same 
central wavelength, λc. Additional measurement of the power flux for each bandwidth of 
excitation, allowed for the calculation of the solar concentration as described in Eq. (3): 
 
( )
( )
,
Solar Concentration
2
AM1.5d Power Flux λ
1
cExcitation Power Flux FWHM λ
λ
λ
λ
=
⋅∂
   
 
   
 (3) 
where, λ1 = λc – (FWHM / 2) and λ2 = λc + (FWHM / 2) are the limits of integration. 
Therefore, all measurements are normalized to the solar spectrum, making increased 
bandwidth independent of increasing power and allowing one to analyze the performance in 
intuitive units. As these measurements were performed with a 1 nm resolution including the 
data for the AM1.5D spectrum an absolute uncertainty of ± 0.5 nm in relation to the FWHM 
(associated with the power flux for a given excitation) under one sun (integrated power flux 
of 900 W m−2) applies. 
3. Results and discussion 
Figure 2 shows the excitation spectra and describes how each channel is added to achieve 
greater bandwidths in an asymmetric/symmetric sequence, such that even channels increase 
bandwidth into the short-wavelength and odd channels into the long-wavelength end of the 
spectrum. The interplay of channel addition on peak photon counts makes it difficult to 
produce a flat top profile; however, the channel with the greatest variation in peak counts is 
within ± 5.5% relative to its average. Furthermore, all the individual channel maximum peak 
counts are within 2.6% of the average of all the channels. This allows the effect of bandwidth 
to be determined independently of any change in intensity at a given wavelength. It can also 
be seen that the long and short wavelength FWHM points are well matched in relation to 
channel addition (Fig. 2). The AM1.5D spectrum in the wavelength range 1460 – 1600 nm 
has been plotted so as to allow one to compare the bandwidth used in excitation. Although 
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there is a close match in the spectra used; for bandwidths greater than 61nm there is less peak 
photon counts in the AM1.5D at wavelengths shorter than 1490nm. 
 
Fig. 2. Excitation scatter spectra used to achieve UC emission at 980 nm. The broadening of 
the spectrum due to additional channels from the AOTF can be seen as well as the 
asymmetric/symmetric sequence. The AM1.5D solar spectrum (grey shaded area) is also 
plotted against the secondary y-axis 
 
Fig. 3. Excitation wavelength dependence of achieving 980 nm UC emission with clear 
resonant peaks at 1523, 1509 and 1498 nm as shown by the grey shaded area. Increasing 
bandwidths encompass a larger portion of the excitation spectrum. 
An excitation scan was performed to determine the most efficient wavelength range at 
which to excite the β-NaYF4: 10% Er3+ to achieve emission at 980 nm (Fig. 3- grey shaded 
area). The excitation intensity for odd channels is shown to describe how the broadening of 
the spectrum encompasses a greater number of resonant peaks. 
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 Fig. 4. The standard reporting method is shown (black squares) in comparison to the suggested 
“suns” method for broadband excitation (red triangles). These results show very high 
efficiencies, which improve with lower solar concentrations. 
The results in Fig. 4 show the comparison of broadband excitation in relation to power 
flux and the newly proposed method of solar concentration to define the PLQY of the UC 
sample. In Fig. 4, it can be seen that the PLQY increases with higher power (black squares) 
due to the non-linear nature of the 2-photon UC process. The PLQY for the narrowest 
FWHM = 12 ± 0.5 nm is 8.7 ± 0.3%. As the channel addition follows an 
asymmetric/symmetric step there is a large increase in PLQY followed by a smaller increase, 
respectively, until saturation at 16.2 ± 0.5% is reached. This can be explained by the 
excitation spectrum, which shows greater resonance and larger peaks on the shorter 
wavelength side of the maximum at 1523 nm (Fig. 3). Similarly, a lower resonance at longer 
wavelengths leads to a smaller increase in PLQY. Therefore, a broadening into the short-
wavelength range encompasses a larger portion of the excitation spectrum and subsequent 
higher population of the 4I13/2 level (GSA), a prerequisite for UC emission. It has been shown 
previously that ETU is the dominant mechanism for high concentrations of Er3+ (>2%) and 
within the NaYF4 host under monochromatic excitation [4]. However, due to the broadband 
nature of the excitation spectrum, it is reasonable to assume that ESA has a higher 
contribution due to the presence of a wider range of resonant photons. Therefore, in 
comparison to monochromatic excitation, where the highest efficiencies are reported at the 
greatest resonant wavelength; the synergistic effect of exciting multiple resonant peaks 
associated with the individual transitions (4I15/2→4I13/2 and 4I13/2→4I9/2) leads to an improved 
performance. Validation of this hypothesis requires careful analysis of photoluminescence 
decay measurements and will be investigated fully in a future work. Once the bandwidth 
increase surpasses these peaks (> 61 nm) there is a reduction in this effect, hence the PLQY 
saturates and only experimental error causes variation. The PLQY of 16.2% is the highest 
value reported in the literature for an UC material known to the authors. This value was 
measured at 61 ± 0.5 nm bandwidth with a central wavelength of 1519 nm and a power of 
2270 ± 100 mW mm−2. The reader should note that a PLQY of 16.2% represents the 
conversion of over 32% of the absorbed photons. The absorption of the sample was measured 
to be on average 20.8% in this region, which equates to an optical efficiency (a ratio of 
emitted photons to incident photons) of 3.4%. The previous highest efficiency was for an Er3+ 
doped ZBLAN glass investigated by Ivanova and Pellé [11] with a PLQY of 12.7%. The 
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result achieved in this work is also slightly higher to the PLQY of 16% which was measured 
for an organic upconverter [18] (with absorption at 670 nm this does not apply to Si devices). 
To make some reference to monochromatic excitation (as this is not possible with the AOTF) 
the same sample was measured using a tunable laser (HP Agilent, 8168F) with a power of 38 
± 2 mW mm−2 at the absorption peak of 1523nm. The attained efficiency was 1.1 ± 0.1% 
however, due to the limited power from the tunable laser this does not make for good 
comparison. 
As the measurements saturate at a consistent value this validates the repeatability of these 
results for β-NaYF4: 10% Er3+ through broadening of the excitation spectrum. Figure 4 is 
displayed in a double logarithmic plot, which allows the linear relation between PLQY and 
incident power to be observed (Eq. (2)). The gradient is calculated to be n = 0.99 for the data 
before saturation, which agrees with the theoretical value n = 1. Therefore, increasing 
bandwidth of excitation, while keeping the intensity per nm constant, follows the same 
relation to increasing power. For applications where a high PLQY is required one could use 
spectrally broader sources rather than increasing power at a given wavelength. Equivalently, 
the same PLQY can be archived with a factor of 1.9 less power with an increase in bandwidth 
of 5.1. The implication of this is that previous efficiencies for UC-PV devices could be 
achieved at lower powers or enhanced when illuminated by a broader spectrum. 
When the PLQY is normalized to the power flux required, a value of 0.0007 cm2 W-1 was 
calculated.  This is a reporting method suggested by Auzel [10] to account for higher 
efficiencies at higher incident powers due to the non-linear behavior of UC. However, this 
analysis is limited at higher powers where the PLQY saturates and hence the normalized 
value decreases. This value is significantly lower than that reported by Fischer et al. [9], with 
a normalized efficiency of between 0.27-0.03 cm2 W-1. Furthermore, it is also 1 order of 
magnitude lower than the result calculated by Richards et al. [8] of 0.07cm2 W-1 for an 
extrapolated efficiency of 16.7% although their measurements were performed with a higher 
Er3+ concentration (β-NaYF4: 20% Er3+). 
The results in Fig. 4 are significant when presented in the new “suns” method, which 
accounts for a broadband excitation spectrum. When the same values of PLQY are plotted in 
relation to the solar concentration defined by Eq. (3) (corresponding to the equivalent power 
flux for a given bandwidth) an inverse relation is observed. As the bandwidth is increased so 
does the power due to the addition of further channels; however, an increase in bandwidth in 
relation to the solar spectrum also increases the incident power flux. For the bandwidths 
measured between 12 – 80 nm the excitation power flux used increases by a factor of 2 and 
equivalently a factor of 5, in relation to the AM1.5D spectrum. This means that although the 
power flux is increased, the actual solar concentration is reduced leading to an enhanced 
performance at a lower number of suns. Thus, the use of broadband excitation increases the 
available power without increasing the solar concentration. With comparison of the results 
achieved here, one can increase the PLQY by a factor of 1.9 with a reduction in solar 
concentration by a factor of 2.9 via utilization of a broader spectrum. This emphasizes the 
importance of the novel method for excitation and understanding the true potential of UC-PV 
devices. 
Although the solar concentrations used in these measurements are beyond the diffraction 
limit achievable on Earth (45,000 suns limit [19]), they were performed on a sample that has 
neither been optimized in Er3+ concentration with the β-NaYF4 host nor the loading factor of 
the phosphor within the polymer matrix. In addition, with the increased interest in the field of 
UC-PV and recent publications on the use of NIR quantum dots (QD) as spectral 
concentrators [20], it has been shown that performance of UC-PV devices can be improved. 
This can be achieved by absorbing the photons between the band edge of Si and the 
absorption range of Er3+ using QD’s, which then emit in the range of the upconverter [21]. 
Moreover, the use of a PFCB host in the present study has the additional benefits when 
encapsulating NIR emitting QD’s, with investigations indicating preservation of PLQY and 
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homogeneous dispersion [22]. The addition of these spectral concentrators would therefore 
make the efficiencies reported herein more readily achievable. Further investigation into the 
use of photonic structures for increasing the local electric-field surrounding the UC will also 
allow for greater intensities to be achieved under a lower factor of suns. A recent paper by 
Johnson et al. [23] modeled a 1-D photonic structure (commonly used as an anti reflection 
coating) to determine the enhancement of excitation light. Simulations showed that an 
enhancement factor between 2 and 18 could be achieved for 10 and 40 layer structures, 
respectively. However, as the enhancement factor increases the relative bandwidth decreases, 
which implies that optimization would be needed for broadband excitation. Moreover there is 
a large potential for the use of plasmonics for increasing the intensity of incident light 
through localized and propagating surface plasmons with possible enhancement factors of 
450 times [24]. With these new advances in nano-materials and structures, in conjunction 
with analysis under broadband excitation, it is promising that the high PLQY reported here 
can be achieved under more realistic conditions and therefore dissemination of this 
technology. 
4. Conclusions 
To conclude, this is the first time that β-NaYF4:Er3+ has been measured within PFCB and for 
any UC material under broadband excitation to determine the PLQY. The PLQY has been 
shown to increase from 8.7% to 16.2% by increasing the bandwidth from 12 nm to 61 nm, at 
which point the efficiency saturates for higher bandwidths. As this is the first time PLQY 
measurements have been reported for broadband excitation, a new method was developed to 
present the analysis in an intuitive way through solar concentration. The resulting PLQY of 
16.2 ± 0.5% at 2270 ± 100 mW mm−2 (0.0007 cm2 W-1) or equivalently 155·103 ± 7·103 suns 
is the highest value reported in the literature. Although this is far beyond the solar 
concentration achievable on Earth, the measurements reported in the present study were 
performed on a sample without optimization of Er3+ concentration. Therefore future work 
will investigate the effect of Er3+ concentration; various loading factors of the phosphor into 
the host polymer matrix and additional lifetime analysis to understand better the UC 
mechanisms involved in broadband excitation. With an improved understanding on the limits 
of UC and in conjunction with enhancement from photonics and nano-materials, one can 
determine the true potential of UC-PV. 
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